Eowever, a-Si:F has a defficiency to be overcome for its application to photo-voltaic devices at &he present moment. The photo-conductivity of it is lower than that of aSi:H by about 4 orders of magnitude. Therefore, it is very useful to investigate a way to improve the photo-conductivity of a-Si:F for wider application of it.
Knights et a1. (6) suggested based on their morphorogical study that the properties of a-Si could be explained by its micro-structure. Thus, as a first step to improve the photo-conductivity of a-Si:F, we studied its micro-structure and speculated a most possible structural model for it. And as a special unique technique for study, we observed the change in micrographs of transmission electron microscope (TEM) due to anisotropic chemical etching, and compared it with similar change in infrared absorption spectra. And we also determined the positional relation among atomic species in a-Si:F by observing the change of Rutherford backscattering (RBS) spectra of a-Si:F due to etching.
Fromthese experiments, we have found as follows: 1) The a-Si:F film consists of many small grains of a-Si net-work. For instance, when fluorine content in the film is about 15 atomic $, the grain size is about 40 . % or niore.
2) The a-Si:F contains considerable amounts of Si-F4 bonds as well as Si-F2 bonds, and 3) the Si-F4 bonds (=SiF4 molecules) are mainly lscalized at the grain boundaries together with Ar atoms used as sputtering gas. Based on these results, finally, we present a most possible structural model for a-Si:F. The model suaests that the enlargement of grain size is a key factor for improvement of properties such as photo-conductivity.
Experiment and Results
The a-Si:F film was deposited by usingthe diode type radio frequency sputtering system. An intrinsic crystalline Si of the resistivity as high as 1000 ncm was used Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981443 before etching and b) a f t e r % with thickness of 0.07 pm.
etching by 10 % KOH solution.
a s a sputtering t a r g e t , and gas mixture of SiFq and A r a s the sputtering gas. The substrate temperature Ts during deposition was 350°c, t h e pressure of sputtering gas Pgas= 4 X Torr, t h e sputtering power 200 W and t h e deposition r a t e 2 t o 3 a/sec.
The r a t i o of p a r t i a l pressure of SiF t o t h e t o t a l pressure of gas mixture, denoted by R(SiF4 ) here, was varied from 0 # t o 6 %. According t o our previous work ( 3, 4) , the F content i n a-Si:F Eould be proportionally controlled from 0 t o 15 atomic % by t h i s variation of R(SiFt+ ), and t h e electronic conduction mechanism of t h e a-Si:F changed from t h e variable range hopping type t o t h e activated type a s R(SiF4) reached t o 6 %. 
vq~ and t h e accelerated voltage of electrons was 200 kV i n t h i s case. This figure clearly demonstrates t h a t a s R(biF4) increases, t h a t is, t h e F content increases, grain structure becomes obvious, and t h a t t h e a-Si:F film deposited a t R(SiF4)=6 % consists of both many gray-colored grains of about 40 8 i n s i z e and long dark-colored boundaries surrounding them. This implies t h a t atomic
species and/or densities a r e localized i n t h e a-Si:F film of R(SiF4)=6 %.
It is well known t h a t t h e brightness in T E M micrographs is very roughly proportional t o both t h e r a t i o of atomic number t o the mass number, Z/M, and density of atomic species (7). Additionally, according t o our RBS measurement, t h e a S i : F film contains only F, S i and A r atoms (3, 4) . Thus, i f these atomic species a r e localized and a l s o i f the density of them is t h e same each other, S i atoms (Z/hf=0.5) must cause a s l i g h t l y brighter pattern than F (Z/~=0.47) and A r atoms (~/~1 = 0 . 4 5 ) .
That
is, i f we may speculate t h a t t h e gray-colored grains correspond t o a -S i grains and t h a t F and
Ar atoms a r e a t t h e dark-colored boundaries, it would appear reasonable t o obtain t h e TEM micrograph pattern a s shown i n Figure 1 , c ) .
A s a special unique technique t o verify t h e v a l i d i t y of t h i s speculation and t o
determine t h e micro-structure of a-Si:F, we observed t h e change of T E M micrographs due t o anisotropic chemical etching of samples, and compared it with similar changes in infrared absorption spectra and RBS spectra. From the speculation above, we had expected t h a t some p a r t s of t h e grain surface would be etched off a t f i r s t by anisot r o p i c etching, then atomic species which were pinched between grains would be released. So t h a t , we had thought t h a t t h e atomic species a t t h e grain boundaries could be detected by comparing t h e change of T E M micrographs due t o etching with changes i n infrared absorption and RBS spectra. Here, a s t h e anisotropic etchant, KOH was chosen, since t h e surface of a-Si grains could be etched without intermediate oxidation processes by using it. Figure 2 ,a) and b) show t h e T E M micrographs before and a f t e r etching of sample produced a t R(SiF4) =6 % respectively. The etching was carried out a t o'C by 10 % KOH solution, and t h e i n i t i a l thickness of a-Si:F film, 0,2 um, was reduced t o about007 urnby t h i s etching. Despite of t h e same thichness a s one shown i n Fig.l,c) , t h e grain structure is not obvious i n Fig.2,b ). This appears t o imply t h a t t h e particular types of atomic species were dissolved i n KOH solution during etching. t o S i contents due to etching.
peak i n the spectrum (8,9) a r e indicated by arrows. This assignment was also confirmed by our recent gas evolution experiment. I n t h i s figure, t h e etching time of sample i n 10 % KOH solution a t 20 OC is taken a s a variable parz.~eker. The i n i t i a l thickness,
urn, was reduced t o 0.2 vm a f t e r t h e etching f o r 90 seconds. A spectrum f o r 0.2 um thicksample which was not etched is a l s o shown f o r comparison. The figure clearly
demonstrates t h a t Si-F4 bonds are more l i k e l y t o be etched than other bond configuration. And Figs.2 and 3 apparently suggest t h a t grain boundaries a r e i n i t i a l l y f i l l e d by a t l e a s t Si-Fq bonds, but t h a t the Si-F4 bonds were dissolved i n etchant.
Next, we measured t h e change of F and A r contents i n a-Si:F f i l m due t o etching. The contents of atomic species i n t h e film were measured by RBS method using 2.8-Mev helium ions. Figure 4 shows t h e r e s u l t s f o r samples having three different i n i t i a l thicknesses 0.15, 0.20 and 0.25 urn. I n t h i s figure, t h e r a t i o of F t o S i contents and A r t o S i contents, denoted by NF/NSi and N&% respectively, a r e described a s a function of r e l a t i v e etched thickness, but e values of N F /~S i and N~N~~ a r e normalized by ones before etching. The similar r e s u l t s f o r t h e sample deposited a t R(SiF4)=3 %, i n which t h e grain structure is not obvious a s shown i n Fig.1 , a r e shown together f o r comparison. This figure demonstrates t h a t t h e reduction of F and A r contents is c l e a r only f o r t h e sample having apparent grain structure. This figure also shows another important features f o r reduction of F and A r contents. That is, t h e reduction r a t e of F content is almost t h e same a s t h a t of A r content. This indicates t h a t A r atoms are localized a t t h e position near t o Si-F4 bonds. The localization of A r atoms near t o Si-F4 bonds can be also confirmed from the gas evolution experiment ( l o ) , since t h e evolution of SiF4 gas and A r gas were observed a t t h e same temperature when samples were heated. And these Figs.2, 3 and 4 appear t o confirm t h e validity of our speculation, t h a t is, gray-colored grains in TEM micrographs correspond t o a-Si grains and A r and F atoms mainly e x i s t a t t h e dark-colored boundaries.
Structural Model and Discussions
Now, we can imagine a s t r u c t u r a l mgdel f o r a-Si:F film deposited a t ~( S i F 4 ) = 6
$.
The film consists of a-Si grains of 40 A i n s i z e , and t h e grain boundaries are f i l l e d by Si-F4 and A r atoms. The film contains Si-F2 bonds a s shown i n Fig. 3 . Since t h e existence of Si-F2 bonds tends t o block t h e further growth of a-Si grain, t h e Si-F2 bonds must be concentrated a t t h e surface of a-Si grains. Thus, we can draw a most possible s t r u c t u r a l model a s shown i n Here, finally, we speculate the reason for low photo-conductivity of a-Si:F film based on the structural model. That is, as easily envisaged, the grain structure may act as a block for electron transport. The grain surface may have electronic defects due to dangling bonds. And photocarriers which are generated inside a-Si grains may be trapped at the grain surface. This must be the reason for low photo-conductivity of a-Si:F film.
The spin density of our a-Si:F samples deposited at R(Sick )=6 $ was estimated to be
by Shimizu (11) . Supposing that Fig.5 Structural model for a-Si:F film the value of spin density is equal deposited at R(SiF4)=6 %.
to the dangling bond density at the grain surface, and also supposing that the grain is a sphere or a column of radius r=20 %, a very rough but suggestive relation between r (8) and the dangling bond density (~m -~ ) can be derived easily as 1.2 Xl0 19/r for r much larger than Si bond len&h.
That is, if we can increase the grain size by one order, the dangling bond density is lowered by one order md, reaches the equivalent value for glow-discharged a-Si:H. And this discussion is completely consistent witfn the fact that the radius r of columns in the glow-discharged a-Si:H appears to increase to the order of 100 8 as the conditions for deposition was improved as Knights et al. (6) reported and that the dangling bond density drops to the value lower than our a-Si:F by about one order. That is, the fundamental idea of this model might be applicable even to the glow-discharged a-Si:H.
Conclusions
From above experimental results ancl discussions, we can conclude as follows: 1) As R(SiF4 ) increases, that is, the F content in a-Si: F increases, grain structure becomes obvious.
2) The Si-F4 bonds, that is, SiF4 molecules, exist at the grain boundaries together with Ar atoms. 3) From these results, a most possible structural model for a-Si:F deposited at R(SiF4)=6 % is presented. The model suggests that the enlargement of grain size is a key factor to improve the properties of a-Si:F such as photo-conductivity.
